The building blocks of DNA molecules, nucleotides consist of a sugar component and an organic base (33) . Each DNA molecule consists of two strands of nucleotides held together by weak chemical bonds. Changes in the nucleotides in one strand can result in mismatches with the nucleotides in the other strand, yielding subsequent alterations in proteins (mutations). Any irreversible damage to DNA can result in a mutation; the latter may lead to malfunction or complete inactivation of the affected proteins (4). ROS are a major source of DNA damage; Ͼ100 oxidative DNA adducts have been identified as a consequence of ROS-induced DNA damage (40) ; furthermore, ROS directly induces single-and double-strand breaks, abasic sites, and DNA cross-links (41) . It has been estimated that a human cell is exposed to up to 10 5 oxidative hits a day from ROS (41) . We hypothesized that ROS-induced vitamin D receptor (VDR) downregulation was required for HIVinduced tubular cell DNA damage.
ROS-induced DNA damage is invariably associated with the activation of p53 (32) . To repair DNA damage, p53 invokes transcription of genes, which prolong cell cycle (to provide time to repair damaged DNA) and transcription of DNA repair proteins to ensue DNA repair. Nonetheless, if ROS production is overwhelming (oxidative stress), p53 induces cell death through the transcription of cell death proteins, a rescue strategy for the cells from entering into the carcinogenesis pathway (19) . In the present study, we examined the involved mechanisms for HIV-induced tubular cell ROS generation, DNA damage, and the repair response.
HIV has been reported to induce the apoptotic phenotype in tubular cells (26, 42, 45) . Increasing evidence supports that oxidative stress is involved in the induction of HIVinduced kidney cell apoptosis (22, 42) . In addition, oxidative stress may contribute to HIV disease pathogenesis by enhancing viral replication (38, 46) , increasing the inflammatory immune response (10) , and accelerating the loss of immune function (47) . A paradigm based on HIV-1-induced overproduction of ROS has been proposed to account for the activation of apoptosis in several cell types, including tubular cells (5, 16, 22, 25, 40, 42, 49) ; in these cells, ROS contributed to the apoptotic process by multiple pathways. However, the role of ROS in the downregulation of VDR has not been reported to date.
Development of HIVAN requires the presence of genetic (black ancestry in general and presence of APOL1 gene in particular), environmental (HIV infection), and specific host factors [such as activation of the renin-angiotensin system (RAS)] (35, 36) . On that account, blockade of angiotensin type 1 receptors or inhibition of the production of ANG II are commonly used therapeutic modalities to slow down the progression of HIVAN (1, 2) . Conversely, infusion of ANG II has been demonstrated to accelerate the progression of HIVAN in Vpr mice (23) . In a recent report, Vpr mice with higher angiotensinogen (Agt) copies developed overt HIVAN, whereas mice with lower Agt copies displayed only clinically occult HIVAN (23) . Mice with higher Agt copies not only displayed high renal tissue ANG II levels but also showed increased renal tissue expression of renin and angiotensinconverting enzyme (ACE). It was likely that ANG II-induced ROS generation had contributed to kidney cell injury in Vpr mice with four Agt copies. However, the direct effect of HIV on tubular cell ANG II production has not been reported to date. In the present study, we hypothesized that HIV may be directly stimulating ANG II production by tubular cells.
In addition to calcium homeostasis, the role of vitamin D has been increasingly recognized in the pathogenesis of HIV infection and cancer (12, 29) . Vitamin D works through VDR, a ligand-dependent transcription factor. After binding with vitamin D, VDR forms heterodimeric complex with retinoid X receptor and binds to vitamin D response element and modulates their transactivation of transcription. On that account, a VDR deficit would not only compromise vitamin D signaling but would also derail the homeostasis of other signaling pathways. We hypothesized that HIV-induced tubular cell ROS generation was further amplified through RAS activation in response to HIV-induced downregulation of VDR. In a recent study, a vitamin D analog slowed down the progression of renal injury in a rat renal ablation model by attenuation of oxidative stress (11) . ACE inhibition further enhanced this effect of vitamin D analog. Although these investigators did not measure the baseline renal cell VDR expression in this model, nonetheless, we presume that renal cells in the renal ablation model had attenuated renal cell VDR expression, which was upregulated by vitamin D.
In the present study, HIV stimulated tubular cell ROS generation, which led to tubular cell downregulation of VDR and activation of the RAS. HIV-induced tubular cell RAS activation further accelerated ROS generation. Interestingly, HIV not only induced tubular cell DNA damage but also compromised DNA repair. Although HIV activated the tubular cell p53 pathway and associated downstream signaling, it appeared to be a futile attempt to rescue tubular cells from DNA injury. On the other hand, VDR agonist (VD) inhibited HIV-induced downregulation of tubular cell VDR as well as RAS activation. Moreover, both a VD and an ANG II blocker inhibited HIV-induced tubular cell DNA damage. The latter effect of a VD and an ANG II blocker may be related to attenuated ROS generation and enhanced DNA repair in the HIV milieu.
MATERIALS AND METHODS

Proximal Tubular Cells
Mouse proximal tubular epithelial cells (MC) were a gift from Dr. Poornima Upadhya (Long Island Jewish Medical Center, New Hyde Park, NY). Mouse tubular cells were characterized by their expression for cytokeratin-18 and -19 and E-cadherin. Primary human proximal tubular cells (HC) were obtained from Scien Cell Research Laboratories (San Diego, CA).
HIV Transgenic Mice
We have used age-and sex-matched FVB/N (control) and Tg26 (on FVB/N background) mice. The Tg26 transgenic animal has the proviral transgene, pNL4 -3: d1443, which encodes all the HIV-1 genes except gag and pol and therefore the mice are noninfectious (42) . Mice were housed in groups of four in a laminar-flow facility (Small Animal Facility, Long Island Jewish Medical Center). We are maintaining colonies of these animals in our animal facility.
The Ethics Review Committee for Animal Experimentation of Long Island Jewish Medical Center approved the experimental protocol.
Production of Pseudotyped Retroviral Supernatant
Replication-defective viral supernatants were prepared as published previously (21) . In brief, green fluorescence protein (GFP) reporter gene (from pEGFP-C1; Clontech, Palo Alto, CA) was substituted in place of gag/pol genes in HIV-1 proviral construct pNL4 -3. This parental construct (pNL4 -3:⌬G/P-GFP) was used to produce VSV.G pseudotyped viruses to provide pleiotropism and high-titer virus stocks. Infectious viral supernatants were produced by the transient transfection of 293T cells using Effectene (Qiagen, Valencia, CA) according to the manufacturer's instructions. The HIV-1 gag/pol and VSV.G envelope genes were provided in trans using pCMV R8.91 and pMD.G plasmids, respectively (gifts of Dr. Didier Trono, Salk Institute, La Jolla, CA). As a negative control, virus was also produced from pHR-CMV-IRES2-GFP-⌬B, which contained HIV-1 LTRs and GFP empty expression vector. The viral stocks were titrated by infecting HeLa tat cells with 10-fold serial dilution as reported previously (22) . The reciprocal of the lowest dilution showing expression of GFP was defined as GFP-expressing units (GEU) per milliliter. Viral stocks ranging from 10 5 to 10 6 GEU/ml were used.
Immunofluorescence Detection of Oxidant Stress in Tubular Cells
The trafficking of 2, 3, 4, and 5,6-pentafluorodihydrotetramethyllrosamine (PF-HTMRos or Redox Sensor Red CC-1; Molecular Probes, Eugene, OR) was used to detect reactive oxygen intermediates in control and experimental tubular cells. Redox Sensor Red CC-1 is oxidized in the presence of O 2 Ϫ and H2O2. In brief, control and experimental T cells were loaded at 37°C for 20 min with Redox Sensor Red CC-1 (0.5 M) and a mitochondria-specific dye, MitoTracker greenFM (100 nM; Molecular Probes). Culture slides were washed and mounted with PBS and visualized with a Nikon fluorescence microscope (Nikon Eclipse E800) equipped with a triple filter cube and charge-coupled device camera (Nikon DXM1200). The staining was performed in quadruplicate for each group, and 10 random fields were studied in replicate. Images were captured using Nikon ACT-1 (version 1.12) software and combined for publishing format using Adobe Photoshop 6.0 software (22) .
Immunofluorescence Detection of VDR, DNA Strand Breaks and Repair
Control and experimental tubular cells were fixed and permeabilized with a buffer containing 0.02% Triton X-100 and 4% formaldehyde in PBS. Fixed cells were washed three times in PBS and blocked in 1% BSA for 30 min at 37°C. Phosphohistone H2AX (␥H2AX) was detected by a mouse monoclonal antibody that recognizes phosphorylated serine within the amino acid sequence 134 -142 of human histone H2A.X (UBI) and fluorescein isothiocyanate-conjugated goat anti-mouse secondary antibody (Molecular Probes). KU-80, a DNA repair protein, was detected by rhodamine-conjugated anti-KU-80 antibody (Cell Signaling, Danvers, MA). Double labeling was indicated by orange color. Negative controls were performed in the presence of nonspecific isotype antibodies in place of primary anti-body. In all variables, DNA was counterstained with 4=6=-diamidino-2-phenylindole (DAPI).
To carry out immunolabeling for VDR, in parallel sets of experiments, control and experimental cells were labeled with anti-VDR antibody and DAPI.
Specific staining was visualized with an inverted Olympus 1X 70 fluorescence microscope equipped with a Cook Sensicom ER camera (Olympus America, Melville, NY). Final images were prepared with Adobe Photoshop to demonstrate subcellular localization of ␥H2AX (22) .
Determination of ROS Kinetics in Tubular Cells
The kinetics of ROS metabolism in control and experimental tubular cells was determined by measuring the intensity of the fluorescent signal from the redox-sensitive fluoroprobe 2=,7=-dichlorofluorescein diacetate (DCFDA) at multiple time points. DCFDA is converted by intracellular esterases to 2=,7=-dichlorodihydrofluorcein, which in turn is oxidized by H 2O2 to the fluorescent 2=7=-dichlorohydrofluorescein (DCF). Briefly, control and experimental tubular cells were incubated in phenol red-free medium containing 10 mM DCFDA for 30 min at 37°C. Cells were washed with phenol red-free media, and DCF fluorescence was detected by a Fluorescence MultiWell Plate Reader CytoFluor 4000 (PerSeptive Biosystems) set for excitation of 485 nm and emission of 530 nm. The intensity of the fluorescent signal was calculated with Microsoft excel using the equation [(F t Ϫ F0)/F0 ϫ 100] (42).
Silencing of VDR
HCs were transfected with 100 nM VDR small-interfering RNA (siRNA) (Santa Cruz Biotechnology, Santa Cruz, CA) with Siport Neofax transfection reagent and left in optiMEM media for 48 h. Control and trransfected cells were used under control and experimental conditions.
Reverse-Transcription PCR Analysis
Control and experimental tubular cells were used to quantify mRNA expression of molecules pertaining to VDR and renin. RNA was extracted using TRIZOL (Invitrogen). For cDNA synthesis, 2 g of the total RNA were preincubated with 2 nmol of random hexamer (Invitrogen) at 65°C for 5 min. Subsequently, 8 l of the reversetranscription (RT) reaction mixture containing Cloned AMV RT, 0.5 mmol each of the mixed nucleotides, 10 mmol dithiothreitol, and 1,000 U/ml RNasin (Invitrogen) were incubated at 42°C for 50 min. For a negative control, a reaction mixture without RNA or RT was used. Samples were subsequently incubated at 85°C for 5 min to inactivate the RT.
Quantitative PCR was carried out in an ABI Prism 7900HT sequence detection system using the primer sequences as follows: VDR: forward GGAAGTGCAGAGGAAGCGGGA, reverse AGT-GCTGGACAGCTAGGG; renin: forward AGGCCTTCCTTGAC-CAATCT, reverse GTGAATCCCACAAGCAAGGT.
SYBR green was used as the detector and ROX as a stabilizing dye. Results (means Ϯ SD) represent the number of samples as described in the legends for Figs. 1-10. The data were analyzed using the Comparative C T method (⌬⌬CT method). Differences in CT are used to quantify the relative amount of PCR target contained within each well. The data were expressed as relative mRNA expression in reference to control, normalized to quantity of RNA input by performing measurements on an endogenous reference gene, GAPDH.
Immunohistochemical Studies
Renal cortical sections from control and HIV-1 transgenic (Tg26) mice were deparaffinized, and antigen retrieval was done by microwave heating. The endogenous peroxidase was blocked with 0.3% H 2O2 in methanol for 20 min at room temperature. Sections were washed in PBS three times and incubated in blocking serum solution for 30 min at room temperature followed by incubation with primary antibodies against either VDR (mouse monoclonal; Santa Cruz Biotechnology) or 8-OHdG (mouse monoclonal; Santa Cruz) overnight at 4°C in a moist chamber. Each of the sections was washed three times with PBS and incubated in appropriate secondary antibody at 1:250 dilutions at room temperature for 1 h. After being washed with PBS three times, sections were incubated in avidin-biotin complex reagent (Vector Laboratories, Burlingame, CA) for 1 h. Sections were washed three times in PBS and then placed in diaminobenzidine/H 2O2 solution, counterstained with hematoxylin, dehydrated, and mounted with a xylene-based mounting media (Permount; Fisher Scientific, Fair Lawn, NJ). Appropriate positive and negative controls were used.
Qunatification of Kidney Cell DNA Damage In Vivo
Renal cortical sections of control and Tg26 mice (n ϭ 3) were evaluated by two investigators unaware of the experimental conditions. Numbers of darkly stained nuclei (OHdG ϩve) were counted in 12 random fields. Numbers of OHdG ϩve nuclei were calculated per glomerulus/tubule.
Western Blotting Studies
Control and experimental cells/renal tissues were lysed in RIPA buffer containing 50 mM Tris-Cl (pH 7.5), 150 mM NaCl, 1 mM EDTA, 1% Nonidet P-40, 0.25% deoxycholate, 0.1% SDS, 1ϫ protease inhibitor cocktail I (Calbiochem, EMD Biosciences, Gibbstan, NJ), 1 mM phenylmethylsulfonyl fluoride, and 0.2 mM sodium orthovanadate. Protein concentration was measured with the Bio-Rad Protein Assay kit (Pierce, Rockford, IL). Protein lysates (20 g) were separated on a 4 -15% gradient polyacrylamide gel (BioRad, Hercules, CA) and transferred to a nitrocellulose membrane using the Bio-Rad mini blot apparatus. Nitrocellulose membranes were then subjected to immunostaining with primary antibodies against VDR (mouse monoclonal; Santa Cruz), anti-phoshpho-p53 (mouse monoclonal; Cell Signaling Technology), anti-renin (Santa Cruz Biotechnology), anti-Rad51 (rabbit polyclonal ABCA), anti-KU-80 (rabbit polyclonal; Cell Signaling), anti-H2AX (mouse monoclonal; Millipore, Billerica, MA), anti-p21 (rabbit polyclonal; Cell Signaling), anti-GADD45␣ (Rabbit polyclonal; Cell Signaling), antirenin (mouse monoclonal; Abnova, Walnut, CA.), and subsequently with horseradish peroxidase-labeled appropriate secondary antibodies. The blots were developed using a chemiluminescence detection kit (Pierce) and exposed to X-ray film (Eastman Kodak, Rochester, NY). Equal protein loading was confirmed by immunoblotting for actin protein using a polyclonal ␣-actin antibody (Santa Cruz Technology) on the same Western blots.
Statistical Analysis
For comparison of mean values between two groups, the unpaired t-test was used. To compare values between multiple groups, ANOVA was used to calculate a P value. Statistical significance was defined as P Ͻ 0.05. Results are presented and means Ϯ SD.
RESULTS
HIV Induces Downregulation of VDR
To determine the effect of HIV on tubular cell VDR expression, protein blots of C/MCs, EV/MCs, and HIV/MC were probed for VDR (n ϭ 3). The same blots were stripped and reprobed for actin. Representative gels of one set of experiment and cumulative data of three sets of experiments To evaluate whether HIV would also downregulate VDR expression in human tubular cells, cellular lysates of C/HCs, EV/HCs, and HIV/HCs (three different sets of experiments) were electrophoresed and probed for VDR and actin. Representative gels of C/HC, EV/HC, and HIV/HC from three different experiments are shown in Fig. 1B . HIV also downregulated VDR expression in human tubular cells.
To determine the time course effects of HIV on tubular cell VDR expression, HIV/HCs were incubated in serum-free media (SFM) at the indicated time periods. Subsequently, protein blots were probed for VDR and actin. HIV started downregulating VDR expression at 12 h thereafter (Fig. 1C) .
To determine the effect of HIV on tubular cell VDR mRNA expression, C/HC, EV/HC/, and HIV/HCs were incubated in SFM for 24 h. Subsequently, total RNA was extracted and probed for VDR by real-time PCR. HIV/HC displayed attenuated VDR mRNA expression (Fig. 1D) .
HIV-Induced Tubular Cell VDR Downregulation is Mediated Through ROS
To determine the role of ROS in HIV-induced modulation of VDR expression, EV/HCs, HIV/HCs, HIV/HCs ϩ catalase (200 U) were incubated in SFM for 24 h. Subsequently, cellular lysates were probed for VDR and actin. HIV/HCs displayed attenuated expression of VDR (Fig. 2A) ; however, catalase completely inhibited the effect of HIV on tubular cell VDR expression. These findings indicated that HIVinduced tubular cell VDR expression was modulated by ROS.
To determine whether ROS also played a role in HIVinduced VDR transcription, C/HCs, EV/HCs, HIV/HCs, and HIV/HCs ϩ catalase (200 U) were incubated in SFM for 24 h. Subsequently, total RNA was extracted and probed for VDR mRNA. HIV/HCs displayed attenuated (P Ͻ 0.01) VDR mRNA expression compared with C/HCs and EV/HCs (Fig.  2B) . However, catalase partially (P Ͻ 0.05) inhibited this effect of HIV.
To determine the direct effect of ROS on tubular VDR expression, HCs were incubated in SFM containing variable concentrations of H 2 O 2 (0, 25, 50, 100, 250, and 500 M) for 12 h. Subsequently, protein blots were probed for VDR and actin. H 2 O 2 at concentrations of 250 and 500 M downregulated tubular cell VDR expression (Fig. 2C) . These findings confirmed that ROS had a potential to downregulate tubular cell VDR expression.
VD Upregulates VDR Under Basal and HIV-Stimulated States
To determine the effect of VD on tubular cell VDR expression under basal and HIV-stimulated states, C/MCs, HV/MCs, and HIV/MCs treated with VD were labeled for VDR and then examined under an immunofluorescence microscope. Representative microphotographs are shown in Fig. 3A . C/MC displayed predominantly cytosolic expression of VDR (Fig. 3A) . HIV downregulated VDR expression. C/MC treated with VD displayed predominantly nuclear VDR expression. These findings confirmed that VD activated the VDR and translocated them to the nuclear compartment to act as a transcription factor.
To confirm the effect of VD on tubular cell transcription of VDR under the HIV-stimulated state, C/MCs, EV/MCs, and HIV/MCs were incubated in media containing either buffer or VD (50 nM) for 24 h. Subsequently, total RNA was probed for VDR expression. HIV inhibited tubular cell VDR expression (Fig. 3C) . However, VD enhanced tubular VDR expression under basal (P Ͻ 0.01) and HIV-stimulated (P Ͻ 0.05) states. 
HIV Enhances the Tubular Cell RAS
To determine the effect of HIV on tubular cell renin expression, protein blots of C/MCs, EV/MCs, and HIV/MCs were probed for renin and actin expression. HIV/MCs exhibited higher (P Ͻ 0.01) renin expression compared with C/MCs and EV/MCs (Fig. 4A) .
To evaluate whether HIV also enhances renin expression in human tubular cells, cellular lysates of C/HCs, EV/HCs, and HIV/HCs were electrophoresed and probed for renin and actin. Representative gels (from three different sets of experiments) displaying renin expression by C/HCs, EV/HCs, and HIV/HCs are shown in Fig. 4B . Cumulative data are shown in a bar diagram.
We asked whether downregulation of VDR is critical for HIV-induced tubular cell upregulation of renin. C/MCs were transfected with scrambled siRNA and siRNA VDR. Protein blots of C/MC, SCR-siRNA/MC, siRNA-VDR/MC, and HIV/MC were probed for VDR, renin, and actin. Both siRNA-VDR/MCs and HIV/MC not only displayed downregulation of VDR but also exhibited upregulation of renin (Fig. 4C) . These findings indicate that there was a causal relationship between downregulation of VDR and upregulation of tubular cell renin expression.
To determine whether HIV-induced downregulation of tubular cell VDR is also associated with enhanced ANG II production and cellular lysates of C/MCs, EV/MCs, HIV/MCs, siRNA/VDR/MCs, HIV/MCϩVD, and EV/MC ϩVD were assayed for ANG II levels by enzyme-linked immunosorbent assay. Both HIV/MC and siRNA/VDR/MCs displayed enhanced (P Ͻ 0.001) production of ANG II compared with C/MCs (Fig. 4D) . However, VD partially inhibited the effect of HIV on tubular cell ANG II production.
Role of VDR and RAS in HIV-Induced ROS Generation
We have previously reported the effect of HIV on tubular cell ROS generation (39) . To determine the role of ANG II in HIV-induced tubular cell ROS generation, both EV/MC and HIV/MC were treated with either buffer or losartan (10 Ϫ7 M) for 24 h and then loaded with DCFDA. Subsequently, tubular cell ROS generation was measured at the indicated time periods. As shown in Fig. 5A , HIV stimulated tubular cell ROS generation; however, losartan only partially inhibited this effect of HIV.
To confirm the effect of ANG II on tubular cell ROS generation, MCs were incubated in SFM containing variable concentrations of ANG II (0, 10 Ϫ10 to 10 Ϫ6 M) followed by loading with DCFDA. After 30 min, ROS generation was measured at the indicated time periods. ANG II stimulated tubular cell ROS generation in a dose-dependent manner (Fig. 5B) .
Because VD not only inhibited HIV-induced downregulation of tubular cell VDR but also inhibited HIV-induced tubular cell ANG II production, we hypothesized that VD would also inhibit HIV-induced ROS generation. C/MC and HIV/MCs were incubated with buffer or VD (50 nm) and then loaded with DCFDA. Subsequently, ROS generation was measured by a fluorometer. As shown in Fig. 5C , HIV stimulated tubular cell ROS generation; however, this effect of HIV was inhibited by VD.
To determine the site of ROS in the HIV milieu and its modulation by VD and ANG II blockade, both EV/MC and HIV/MC were treated with either buffer, VD (50 nM), or losartan (10 Ϫ7 M) and then labeled with Red CC1 and MitoTracker green followed by fluorescence microscopy. Representative microphotographs are shown in Fig. 5D . HIV stimulated mitochondrial ROS generation, whereas both VD and losartan partially inhibited HIV-induced ROS generation (Fig. 5D) .
Effect of HIV Tubular Cell DNA Damage and Repair
Because DNA is the target of ROS-induced cellular injury, we examined tubular cell DNA status in the HIV milieu. Protein blots of C/HCs, EV/HCs, and HIV/HCs were probed for phospho-yH2AX , KU-80, Rad51, and actin. HIV/HCs displayed enhanced (P Ͻ 0.01) expression of pyH2AX compared with C/HCs and EV/HCs (Fig. 6, A and B) . On the other hand, HIV/HC exhibited diminished expression of KU-80 (Fig.  6, A and C) . These findings indicated that HIV not only induced tubular cell DNA damage but also compromised their repair.
VD and ANG II Blockade Prevents HIV-Induced Tubular Cell DNA Damage
We hypothesized that, if VD and ANG II blockade inhibited HIV-induced tubular cell ROS generation, these strategies would also rescue tubular cells from HIV-induced tubular cell injury. To determine the effect of VD and ANG II on HIVinduced tubular cell DNA damage, EV/HCs and HIV/HCs were colabeled with anti-H2AX and anti-KU-80 antibodies along with nuclear stain (DAPI). HIV/HCs displayed an enhanced number of double-strand DNA breaks in their nuclei compared with EV/HCs (Fig. 7A) . Cumulative data (no. of H2AX foci) are shown in Fig. 7B . However, HIV/ HCs displayed attenuated expression of KU-80. Cumulative data (integrated density of KU-80) are shown in Fig. 7C . On the other hand, both VD and losartan rescued tubular cells from these effects of HIV (Fig. 7, A-C) .
HIV Induces Tubular Cell p53 Activation and Associated Downstream Signaling
Because DNA damage is often associated with p53 activation, we studied the effect of HIV on tubular cell phospho-p53 expression and associated downstream signaling. Protein blots of C/HCs, EV/HCs, and HIV/HCs were probed for phosphop53, p21, Gadd45, and actin. Representative gels are shown in duplicate in Fig. 8A . HIV/HCs displayed enhanced phoshpho-p53, p21, and Gadd45. Cumulative data are shown in Fig. 8 , B-D.
In Vivo Studies
Renal tissues of HIV transgenic mice display attenuated expression of VDR. Renal cortical sections from control and Tg26 mice were labeled for VDR and examined under light microscopy (n ϭ 3). Representative microphotographs are shown in Fig. 9A . In renal cortical sections of control mice, both podocytes and tubular cells displayed moderate staining for VDR. However, kidney cells in Tg26 mice displayed minimal staining for VDR.
Proteins were isolated from renal tissues of control and Tg26 mice (n ϭ 3). Protein blots were probed for VDR. The same blots were reprobed for actin. Gels of protein blots of control and Tg26 mice are shown in Fig. 9B . Densitometric analysis of these gels is shown in the form of bar graphs (Fig. 9B) . Renal tissues from Tg26 mice displayed attenuated (P Ͻ 0.001) expression of VDR compared with control mice.
Renal cells in HIV transgenic mice display enhanced oxidative stress-induced DNA damage. Renal cortical sections of control and Tg26 mice were labeled for 8-OHdG (n ϭ 3). Representative microphotographs are shown in Fig. 10A . 8-OHdG ϩve nuclei were counted per glomerulus/tubule in 12 random fields of each mouse. Both glomeruli and tubules displayed a greater number of 8-OHdG ϩve nuclei in Tg26 mice. Cumulative data in the form of diagrams are shown in Fig. 10B (no. of ϩve nuclei/glomerulus) and Fig. 10C (no. of ϩve nuclei/tubule).
DISCUSSION
The present study demonstrated that HIV downregulated tubular cell VDR; however, this effect of HIV was inhibited by catalase. Because H 2 O 2 also downregulated tubular cell VDR, it appeared that HIV-induced downregulation of VDR was mediated through tubular cell ROS generation. HIVinduced downregulation of VDR led to the activation of the RAS and DNA damage in tubular cells. However, VD rescued tubular cell DNA damage through VDR activation in the HIV milieu. Because ANG II directly stimulated tubular cell ROS generation, and losartan inhibited HIVinduced ROS generation, it appeared that HIV-induced ROS production was also contributed partly through tubular cell ANG II generation. VD not only inhibited HIV-induced RAS activation but also attenuated tubular cell ROS generation. Tubular cells in the HIV milieu displayed double jeopardy, induction of HIV double-strand breaks and attenuated DNA repair. As expected, HIV enhanced tubular cell expression of phospho-p53, p21, and Gadd45. Because tubular cells displayed DNA damage despite activation of the p53-mediated DNA repair pathway, oxidative stress seemed to prevail in the HIV milieu. Nonetheless, both VD and ANG II blocker enhanced tubular cell expression of DNA repair protein and prevented DNA damage in the HIV milieu.
Activation of the RAS has been demonstrated to induce cellular ROS generation (17, 18) . ROS causes single-and double-strand DNA breaks, purine, pyrimidine, or deoxyribose modifications, and DNA cross-links (21, 24) . DNA repair further transforms these modifications to additional strand breaks. Persistence of the activation of the RAS is associated with overwhelming oxidative stress, which may lead to mutations (4) . Survival of an organism depends on its capacity to repair oxidative DNA damage (6 -8) . The cell has two major repair mechanisms for double-strand breaks, homologous recombination and nonhomologous end joining (NHEJ) (8) . Oxidative DNA damage also activates the p53 pathway to target DNA repair genes (13, 14) . In the present study, HIV-infected tubular cells displayed enhanced ROS generation and increased double-strand breaks but showed diminished expression of KU-80, a DNA repair protein.
These findings suggested that HIV-induced DNA injury was accompanied by a compromised DNA repair response. The net balance in between these two events might have contributed to an HIV-mediated untoward outcome. Nonetheless, DNA injury also activated the p53 pathway, which transcribed cell growth arrest genes and the DNA repair enzyme, Gadd45. These findings indicated that tubular cells in the HIV milieu had an intact p53-induced DNA repair response despite extensive DNA damage as a consequence of overwhelming oxidative stress.
VDR has been demonstrated to function as a negative regulator of the RAS (30) . VDR knockout mice have been observed to develop high blood pressure and cardiac hypertrophy as a consequence of the RAS activation (31) . On the same account, downregulation of VDR in unilateral ureteral obstruction (UUO) contributed to accelerated progression of renal fibrosis (50) , whereas activation of VDR through a vitamin D analog provided partial protection against the development of renal fibrosis in wild animals with UUO. Similarly, in a renal ablation model, upregulation of VDR by a vitamin D analog slowed down the progression of renal lesions (11) . However, it was not clear whether the renal cells had low VDR expression to begin with or mere upregulation of VDR contributed to the amelioration of renal lesions. Although the investigators highlighted the role of oxidative stress in the induction of the progression of renal injury, they did not study the relationship between ROS generation and downregulation of renal cell VDR expression. In the present study, HIV induced downregulation of VDR through ROS generation. Because the renal cell ablation model has been known to have accelerated renal cell oxidative stress (11) and activated RAS, we hypothesized that the missing link was ROS-induced downregulation of renal cell VDR. The findings in the present study suggest that HIVinduced tubular cell RAS activation was the outcome of HIVinduced ROS generation and associated downregulation of VDR; the latter further enhanced tubular cell ROS generation through the RAS activation. NADPH oxidase 4 (NOX4) belongs to the NOX family that generates ROS in a wide variety of tissues, including kidneys (15, 28) . Although the exact physiological function of Nox4 is not clear, it has been implicated as a major source of renal ROS (15, 28) . In in vitro studies, NOX4-dependent ROS generation contributed to ANG II-induced hypertrophy in vascular smooth muscle cells (48) ; similarly, insulininduced H 2 O 2 production was found to be Nox4 dependent (34) . In a rodent model of type I diabetes (streptozotocininduced diabetic rats), Nox4-mediated ROS generation contributed to kidney injury (15, 28) . Similarly, in a type II diabetic model, NOX4 contributed to kidney cell injury (43) . In the present study, ANG II also contributed to tubular cell HIV-induced ROS generation; on that account, it is likely that ANG II-induced ROS generation might have been mediated through Nox4. Therefore, it will be important to explore the role of Nox4 in HIV-induced tubular cell ROS generation in future studies.
Renal tubular cells have been demonstrated to generate ANG II production both in in vitro and in vivo studies (9, 36) . Renal tissue ANG II concentration has been reported to be several-fold greater than systemic ANG II concentration as a consequence of its production by kidney cells (38) . In animal models, it was shown that the concentration of ANG II in the kidney is 25 to 1,000 times higher than in plasma (39, 44) . In the present studies, ANG II enhanced ROS generation in a dose-dependent manner. Because, under pathological conditions, the ANG II concentration in the renal interstitial fluid of dogs could reach up to 800 nM (44) , concentrations used in in vitro studies were physiologically relevant.
Although the activation of the RAS is reported extensively in patients with HIVAN, this is the first study showing the direct effect of HIV on tubular cell ANG II production. In the present study, HIV enhanced tubular cell ANG II production via enhanced renin expression; the latter was the outcome of HIVinduced downregulation of VDR. Because VDR is a negative regulator of renin, VD was able to inhibit HIV-induced upregulation of tubular cell renin expression and subsequent ANG II production. Thus the findings of the present study can be used for future therapeutic strategies in HIVAN patients. 
